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DOI 10.1016/j.str.2007.10.003As a mechanistic enzymologist, my
perspective on the Protein Structure
Initiative (PSI) may be somewhat dif-
ferent than those of many readers
of Structure. I do not consider a high
resolution structure as the end to a
research problem but, instead, the
beginning that allows the formulation
of structure-based hypotheses for en-
zyme mechanisms and experimental
strategies for elucidation of both the
chemical and structural bases of those
mechanisms. Indeed, for much of my
career I have enjoyed productive col-
laborations with X-ray crystallogra-
phers that always provided interesting
insights into structure-function rela-
tionships for a variety of enzyme-cata-
lyzed reactions.
I admit to having been a discon-
nected observer when PSI-1 was initi-
ated. Those early stages of the PSI
did little to impact the direction of my
science, although I did wonder exactly
how the influx of structures that even-
tually would emerge could impact my
views on and approaches to enzymol-
ogy. I was aware of and perhaps even
sympathetic to criticisms that struc-
tures would be available for many
highly divergent proteins of unknown
function, but with no obvious way to
put them to use. I was reminded of my
early, short-sighted views of genome
sequencing in which I questioned the
wisdom of robotic sequencing of vast
stretches of DNA.
But, with the passage of a few years
and the continued evolution of my own
research interests, I have come to real-
ize that the biological, even the enzy-
mological, landscape has changed
significantly.More thansixhundredge-
nomes later, unanticipated complex-
ities in both biology and enzymology
have become apparent. We all have
come to appreciate that an unexpect-
edly small number of genesenables the
complexities of human biology, chal-lenging simple views of biological func-
tion. We also have learned of the im-
portance of lateral gene transfer, even
between prokaryotes and eukaryotes,
and that its role in the acquisition of
adaptive advantage is far more wide-
spread than we could have expected.
And, even in my own niche in mecha-
nistic enzymology, we have come to
appreciate that the creation of ‘‘new’’
enzymatic functions by divergent evo-
lution from ancestral proteins is ex-
ceedingly widespread.
Point mutations and subsequent se-
lective pressure can produce changes
in substrate specificity while retaining
a common chemical mechanism. The
divergent members of such super-
families (e.g., chymotrypsin, trypsin,
elastase, and their homologs) can
be termed ‘‘specificity diverse’’ (Gerlt
and Babbitt, 2001). But, divergent evo-
lution also can produce changes in the
overall reactions that are catalyzed
while retaining a partial chemical re-
action (mechanistically diverse en-
zyme superfamilies). Perhaps even
more surprising, divergent evolution
from a common progenitor can produce
enzymes that share neither substrate
specificities nor chemical mechanisms
(mechanistically distinct enzyme su-
prafamilies). In retrospect, the forma-
tion of enzyme superfamilies and
suprafamilies reflects the structural
adaptability of a relatively small num-
ber of folds to catalyze an amazingly
diverse range of chemistry. For exam-
ple, the (b/a)8-barrel fold is the most
ubiquitous in the Protein Data Bank
(PDB), with examples catalyzing reac-
tions involving carbocations, carban-
ions, and radicals as intermediates.
However, as the number of se-
quenced genomes increases, mecha-
nistic enzymology, as well as the entire
biological community, must come to
grips with the limitations of the bounty
of sequence information.With eachde-Structure 15, November 2007 ªposited genome, sequences are identi-
fied that share no detectable sequence
identitywith previously sequencedpro-
teins. Therefore, the functions of these
‘‘new’’ proteins are necessarily un-
known. Theymaybe functional analogs
of characterized enzymes, but without
independent biochemical experiments
their function is indeterminate.
Perhaps 50% of the sequences that
have been deposited in the databases
have unknown or uncertain functions.
Even for those that have been an-
notated, usually using computational
methods, the functions of many are
uncertain or incorrect, because auto-
mated methods may capture the func-
tion of a closest characterized ho-
molog that is so divergent that the
function cannot be accurately trans-
ferred. Or, even when the sequence
identity is high, the function may not
be conserved. That annotated func-
tions may be uncertain, or even incor-
rect, may not be recognized by nonex-
perts and, therefore, may have even
more (negative!) impact on the course
of science than annotation as a ‘‘hy-
pothetical protein’’! Without reliable
assignment of the functions of the
proteins encoded by a genome, the bi-
ological capabilities and properties of
the organism cannot be specified. But,
isn’t this supposed to be the goal of
genomic biology?
Even for exhaustively studied mech-
anistically diverse superfamilies for
which many functions have been char-
acterized and many structures have
been determined, e.g., the enolase
superfamily that has been my focus
for nearly 20 years, new genomes of-
ten encode members that are suffi-
ciently divergent in sequence that their
functions cannot be specified. Thus,
even when we would like to think that
we understand the structural bases
for the evolution of new enzymes, we
are faced with the hard reality that we2007 Elsevier Ltd All rights reserved 1353
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a superfamily are to be (re)designed
to catalyze potentially useful reactions
with unnatural substrates, the process
could be facilitated by knowing the
complete set of functions that are con-
tained in naturally evolved superfam-
ilies, allowing Nature’s own successful
strategies for redesign to be applied.
Thus, we now are faced with the prob-
lem that new advances not only in the
study of enzyme superfamilies but
also in biology require the assignment
of function to the many unknowns
present in all genomes. But, this task
is far from trivial!
I do not know whether this problem
was fully appreciated when the guide-
lines for the PSI were developed. Cer-
tainly, from its inception, a major moti-
vation of the PSI was to determine the
structures of highly divergent proteins,
ideally one from each fold class, so
that homology modeling approaches
could be used to predict the structures
of all proteins discovered in genome
projects, thereby facilitating functional
assignment. But, the emerging realiza-
tion is that few biologists have either
tried or been able to take much advan-
tage of the increasing number of struc-
tures of uncharacterized proteins that
are being deposited in the PDB. With
respect to the latter, structure-based
predictions of function are difficult.
And, for that and other reasons, the
PSI is increasingly criticized bothwithin
andoutside the structural biology com-
munity. Certainly, in this time of severe
fiscal pressure on biomedical science,
the resources that support the PSI
(and other NIH Roadmap Initiatives)
are viewed as threats to the investiga-
tor-initiated (R01) science that long
has been the mainstay in American
biomedical science.
I do not agree with that view. Al-
though I believe in ‘‘R01 science’’ (I
do it myself), I am convinced that
many (most?) importantbiologicalprob-
lems cannot be solved by a single in-
vestigator. Virtually all members of the
mechanistic enzymology community
recognize that collaborations with
structural biologists are essential if we
are to investigate the structural bases
of catalysis. Many of us also recognize
that collaborations with computational
biologists are also essential if we are to1354 Structure 15, November 2007 ª200recognize other critical aspects of
function, including the dynamic fea-
tures that are required for transition
state stabilization, because structures
of complexes with transition state ana-
logs may fail to capture the dynamical
processes that are an integral part of
catalysis.
In many ways, the problem of as-
signing functions to uncharacterized
proteins is analogous to the problems
routinely faced by mechanistic enzy-
mologists, but functional assignment
is just more complicated, at least
with contemporary experimental
approaches and computational algo-
rithms: how can protein structure
alone be used to generate testable
hypotheses of biological function? As
enzymologists, we have the luxury of
knowing the enzymatic function as
we analyze the structure and design
experimental approaches to testmech-
anistic hypotheses. Now, when we
do not know the function, how do we
start to establish structure-function
relationships? Clearly, we need ex-
pansive strategies for assigning func-
tions to the unknown, uncharacterized
proteins.
Complaining about the resources
that are currently devoted to the PSI
and thereby discouraging strategic
community-wide efforts to solve the
functional assignment problem is not
doing any favor to biology, even in
a time when resources are limited. In-
stead, I suggest that as NIH/NIGMS
evaluates how the PSI should be con-
tinued beyond the current ‘‘production
phase,’’ the enzymological, structural,
computational, and biological commu-
nities together should consider devel-
oping new strategies for using the ad-
vances in structural biology that have
emerged from the PSI (including higher
throughput and automation) to tackle
the problem of devising integrated ap-
proaches for functional assignment.
This opinion is based on experience.
Confronted with the specific problem
that perhaps 50% of the members of
the mechanistically diverse enolase
superfamily and an even larger fraction
of the members of the mechanistically
diverse amidohydrolase superfamily
have unknown/uncertain functions, a
group of scientists with diverse ex-
pertise (Patricia Babbitt [USCF], bioin-7 Elsevier Ltd All rights reservedformatics; Andrej Sali [USCF], ho-
mology modeling; Matthew Jacobson
[USCF], homology modeling and li-
gand docking; Brian Shoichet [USCF],
ligand docking, Steven Almo [Albert
Einstein College of Medicine], X-ray
crystallography; Frank Raushel [Texas
A&M], amidohydrolase superfamily
enzymology; and myself, enolase su-
perfamily enzymology) decided to
tackle the problem of functional as-
signment in these superfamilies that
share the (b/a)8-barrel fold. We are
participants in an NIGMS-funded
Program Project (GM-71790) entitled
‘‘Deciphering Enzyme Specificity,’’
with its goal to define and implement
an integrated structure-computation-
function approach for facilitating func-
tional assignments of uncharacterized
members of both superfamilies.
As this Program Project has evolved
over the past three plus years, we have
established previously elusive but now
productive connections between func-
tional and computational enzymology.
As a result, we predicted the substrate
specificity and enzymatic function of
an unknown member of the amidohy-
drolase superfamily by in silico dock-
ing a library of high energy tetrahedral
intermediates into a PSI-determined
structure (Hermann et al., 2007). We
also computationally predicted the
substrate specificity and enzymatic
function of an unknown member of
the enolase superfamily using homol-
ogy modeling of the uncharacterized
protein’s sequence to generate a
structure into which a library of possi-
ble substrates was docked (Song
et al., 2007). In both cases, the compu-
tational efforts generated a ‘‘short list’’
of potential substrates that was exper-
imentally tested; also in both cases,
the actual substrates were at or near
the top of the list. And, in both cases,
subsequent structural analyses of li-
ganded complexes confirmed that
the structural bases for the prediction
of specificity were correct. In neither
case did we anticipate that the results
of the computational efforts alone
would be sufficient to establish the
physiological function. Instead, we
used the predictions to expedite func-
tional assignment based on laboratory
experiments. These were the first
successful examples of the use of
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zymatic functions.
What is the advantage of this in-
tegrated approach for assigning sub-
strate specificity and function? The
physical acquisition of a ‘‘complete’’
library of metabolites for functional
screening is impossible. Many cannot
be purchased. And, for those that
cannot be purchased, the syntheses
can be tedious and/or expensive,
with comprehensive synthetic efforts
poorly justified based on the low prob-
ability that a particular compound will
be the substrate of the specific en-
zyme for which function is sought.
However, reliable computational pre-
dictions of substrate specificity would
allow focused efforts to identify and
screen size-restricted physical librar-
ies that would be likely to contain the
physiological substrate.
What are the disadvantages of this
approach? First, databases, such as
KEGG or BioCyc, do not contain all
metabolites, because the complete
metabolome has not been defined for
any organism. Second, conformational
changes often accompany ligand
binding, so structures that are deter-
mined without ligands and homology
models derived therefrom often will
not be useful for predictions of sub-
strate specificity.
In the case of our successful predic-
tion of the N-succinyl Arg/Lys race-
mase function in the enolase super-
family, the template for homology
modeling was the liganded structure
of a homolog (Song et al., 2007).
Thus, the positions of the mobile loops
that define the active site were prop-
erly positioned in the model, although
flexible receptor docking algorithms
for the modeled side chains were
necessary for the correct prediction
of substrate specificity. In the case of
the S-adenosylhomocysteine deami-
nase in the amidohydrolase family,
the deposited structurewas in a closed
conformation that allowed successful
docking of the library of high energy in-
termediates (Hermann et al., 2007). In
both cases, the in silico ligand library
contained the real substrate. However,
one or both of these favorable situa-
tions need not apply. Thus, our studies
define areas for future attention in
integrated computational-structural-functional approaches for function
prediction.
The advantages of studying func-
tionally diverse superfamilies include
the expectation that nontrivial func-
tional assignments can be made us-
ing established structure-function re-
lationships as a foundation, e.g., in
the enolase superfamily the reactions
involve enolization of a carboxylate
substrate that is facilitatedbyarequired
divalent metal ion. While this partial re-
action restricts the ligand libraries for
in silico docking, it also suggests the
structures of substrate/intermediate
fragments that might used as ligands
in cocrystallization so that substrate-
induced conformational changes can
be realized, thereby enhancing the like-
lihood of productive library docking.
The successful application of this ap-
proachwouldallow insights into thena-
ture of the conformational changes that
accompany ligand binding, thereby in-
forming the development of computa-
tional approaches to solve the general
problem of predicting conformational
changes. Obviously, this is a real chal-
lenge, but one that requires attention
and resources.
Also, within a superfamily, that the
presently recognized metabolite li-
brary is not complete does not pose
an insurmountable problem for in silico
ligand docking. Although the acquisi-
tion of a complete physical library of
potential substrates is impossible, the
formulation of a complete in silico li-
brary of potential substrates is ‘‘easy.’’
In other words, working toward the
goal of ‘‘perfecting’’ in silico ligand
docking to predict the possible struc-
tures of unknown substrates will focus
the synthetic efforts that are necessary
to obtain the compounds that must be
experimentally tested.
So, what do I propose for the future
of the PSI? Do I propose that it be
abandoned? No! But, I do propose
that the emphasis on the determina-
tion of structures of divergent proteins
based solely on sequence identities be
decreased. The discovery of new folds
is important to an understanding of the
boundaries of evolutionary processes
and, also, provides necessary chal-
lenges to the segment of the computa-
tional community that is interested in
de novo structural prediction. How-Structure 15, November 2007 ª2ever, I propose that the major empha-
sis now should be placed on com-
prehensive approaches to functional
prediction. Frommy experience, these
efforts will require new areas of exper-
tise that are beyond the funds that can
be provided by the Program Project
funding mechanism.
Expertise is required in both syn-
thetic chemistry to prepare even lim-
ited libraries of potential substrates
and, also, in biological verification of
functions ‘‘assigned’’ based on enzy-
matic assays. With respect to the lat-
ter, the current state-of-the-art is the
measured value of kcat/Km (does it
approach the diffusion controlled limit
of 106–108 M1 sec1 ?). But, when
an operon context is available for the
unknown, substrate specificity analy-
ses of the other enzymes that consti-
tute a metabolic pathway (likely pre-
viously unknown) can be used to
confirm the functional assignment.
Although operon context is applica-
ble only to microbial unknowns, this
highlights the need for physiological
approaches to support functional
assignments.
Resources for screening unknown
proteins for their ability to bind small
molecules, instead of relying on mea-
surements of enzymatic activity, also
would be very useful. Enzymatic activ-
ity results from favorable disposition
of reactive ligands with active site resi-
dues. However, geometrically less pre-
cise interactions may be sufficient to
produce a closed conformation,which,
when structurally characterized, can
be used to enable successful in silico
docking. These efforts would comple-
ment development of computational
approaches for predicting substrate-
induced conformational changes.
However, significant resources for
focused structural studiesmust remain.
Our Program Project established a
‘‘community targets’’ collaboration with
the New York Structural GenomiX
Research Consortium (NYSGXRC), one
of the four PSI-2 production centers,
to determine structures of members
of the enolase and amidohydrolase
superfamilies for which the sequence
identities to structural characterized
members can be >30%, not <30% as
required for ‘‘targets’’ intended to pop-
ulate fold space. Also, through this007 Elsevier Ltd All rights reserved 1355
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structures when computational predic-
tions and/or library screening provides
suitable ligand candidates. These ad-
ditional structural resources exceed
those that can be supported by the
Program Project funding mechanism,
but they are essential as we define and
refine our approaches for functional
assignment.
The implementation of an expanded
program for functional assignment will
require specific foci. We are not yet
ready for high throughput functional
assignment, although that is the long-
term goal. At this early stage, each
component of the process—target
selection, protein purification, struc-
tural determination, application and re-
finement of computational algorithms,
experimental testing, and biological
verification—must be performed1356 Structure 15, November 2007 ª20carefully and deliberately. But, re-
sources for such comprehensive
programs are required if the commu-
nity is to solve the problem of the de-
vising more effective approaches for
facilitated functional assignment.
So, my recommendation is that
NIGMS morph the structure-centered
efforts of the Protein Structure Initiative
into fully integrated, multidisciplinary
efforts of a Protein Function Initiative.
Eventually, the structures and func-
tionsof all proteins need toestablished,
but current efforts to enable prediction
of the structures of all proteins is pre-
mature. Instead, NIGMS should place
its emphasis on the development of
informed, but general, solutions to the
problem of functional assignment. In
the short term this necessarily will
involve focus on a limited collections
of proteins (e.g., members of mecha-07 Elsevier Ltd All rights reservednistically diverse superfamilies or those
encodedbypathogens); but, in the long
term the resources that are invested
can be expected to benefit the entire
biomedical community.
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